A much simplified template, i.e., two nonsuperconducting layers between the superconducting YBa 2 Cu 3 O 7−␦ ͑YBCO͒ and the polycrystalline metal substrate, has been developed for high-performance coated conductors by using biaxially aligned TiN as a seed layer. A combination of a thin TiN ͑ϳ10 nm by ion-beam assisted deposition͒ layer and an epitaxial buffer LaMnO 3 layer ͑ϳ120 nm͒ allows us to grow epitaxial YBCO films with values of full width at half-maximum around 3.5°and 1.7°for the -scan of ͑103͒ and rocking curve of ͑005͒ YBCO, respectively. The YBCO films grown on electropolished polycrystalline Hastelloy using this two-layer template exhibited a superconducting transition temperature of 89.5 K, a critical current density of 1.2 MA/ cm 2 at 75.5 K, and an ␣ value ͑proportional factor of critical current density J c ϳ H −␣ ͒ of around 0.33, indicating a high density of pinning centers and an absence of weak links.
I. INTRODUCTION
Tremendous efforts have been devoted to the development of high-performance and low-cost high-temperature superconducting YBa 2 Cu 3 O 7−␦ ͑YBCO͒ coated conductors ͑CCs͒ in the past several years. [1] [2] [3] To fabricate YBCO films with high current carrying capability on metal substrates, two well established techniques to induce crystallographic alignment in YBCO films, i.e., rolling assisted biaxially textured substrate 4 and ion-beam assisted deposition ͑IBAD͒, 5 have been mostly investigated. In the IBAD approach, yittriastabilized zirconia ͑YSZ͒ ͑Ref. 5͒ and MgO ͑Ref. 6͒ are the mostly explored materials. A thick total layer thickness of greater than 650 nm ͑in between the superconducting film and the metal substrate͒ is necessary for the IBAD-YSZ, though only two different materials ͑typical bilayer stack of CeO 2 / YSZ͒ are used. IBAD-MgO based templates use a much thinner nonsuperconducting materials with a total thickness of ϳ150 nm. However, this thin template uses a quite complex layered structure with a typical five-layer stack of LaMnO 3 / homoepitaxial-MgO/ IBAD-MgO/ Y 2 O 3 / Al 2 O 3 in order to achieve CCs with high performance. 7, 8 It should be noted that a simpler architecture ͑three nonsuperconducting layers in between the polycrystalline metal substrate and the YBCO film͒ has been developed recently, where the use of a composite Y 2 O 3 :Al 2 O 3 makes it possible not only to combine the bilayer of Y 2 O 3 and Al 2 O 3 but also to completely skip the homoepitaxial MgO layer on the top of IBAD-MgO. 9 As both a diffusion barrier in integrated circuits between metal and silicon and a wear resistant coating for tools, TiN has also been explored as a buffer and/or alternative material to replace IBAD-MgO for the deposition of highperformance YBCO films. For example, epitaxial TiN layer has been grown on single crystal ͑001͒ MgO and textured Ni substrates for the growth of YBCO films. 10, 11 Cantoni et al. 12 have used LaMnO 3 ͑ϳ150 nm͒ / MgO͑ϳ120 nm͒ / TiN͑ϳ200 nm͒ layered structure to grow YBCO films on single crystal Cu substrates, where TiN serves as a barrier to block the outward Cu diffusion to YBCO and MgO acts as a barrier to prevent the inward oxygen diffusion, impeding TiN decomposition. However, the processing compatibility and the choice of buffer material remain as challenges to deposit high-performance YBCO films. As an alternative IBAD textured material, TiN, on the other hand, provides advantages of high conductivity, good environmental stability, and the same rapid texture evolution as for MgO. [13] [14] [15] Nevertheless, issues related to materials, processes, and architectures need to be addressed since the current carrying capability of the YBCO films based on IBAD-TiN is still lower compared to the YBCO films based on IBAD-MgO technology. In this article, we report a two-layer stack of LaMnO 3 / IBAD-TiN ͑total thickness Ͻ150 nm͒ template for the epitaxial growth of YBCO films on polycrystalline metal substrates. The YBCO films grown on this two-layer template exhibited a transition temperature of 89.5 K and a critical current density of 1.2 MA/ cm 2 at 75.5 K.
II. EXPERIMENTAL DETAILS
Electropolished Hastelloy tape, with a 0.8 nm root mean square surface roughness over a 5 ϫ 5 m area, was used as the substrate. The IBAD-TiN layer, about 10 nm thick, was a͒ Electronic mail: jxiong@lanl.gov. grown at ambient temperature with the tape gliding on a water-cooled copper block. We used an electron-beam evaporator to evaporate Ti. The Ti deposition rate was 0.15 nm/s. For the IBAD process, a 22 cm ion source was used to generate a 750 eV ion beam with a total ion current of 70 A / cm 2 ͑a gas mixture of Ar: N 2 = 2.5: 1͒ at a 45°angle relative to the substrate normal. The evolution of texture was qualitatively monitored in situ by reflection high-energy electron diffraction. Pulsed laser deposition ͑PLD͒ was used to deposit both the LaMnO 3 ͑LMO͒ buffer and the YBCO layers. Detailed experimental setup and processing conditions to deposit superconducting YBCO films and buffer materials can be found in Refs. 16 and 17. Briefly, the substrate temperature was kept at 770°C during the LMO deposition, and then decreased to 750°C for the deposition of YBCO films. The oxygen pressure was maintained at 40 mTorr and 200 mTorr for LMO and YBCO depositions, respectively.
To evaluate the textures of IBAD-TiN, LMO, and YBCO films, x-ray diffraction ͑XRD͒ analysis including -2 scan, -scan, and rocking curve were performed. Cross-sectional transmission electron microscopy ͑TEM͒ was used to analyze the microstructures of the YBCO film on LMO/IBADTiN on Hastelloy. The superconducting properties of the YBCO films were characterized by a standard four-probe technique with a 1 V / cm voltage criterion. Angular dependent critical current of the YBCO films was tested in the maximum Lorentz force configuration.
III. RESULTS AND DISCUSSION
The typical XRD -2 pattern of a YBCO film grown on LMO buffered IBAD-TiN is shown in Fig. 1 . The peaks can be indexed as YBCO ͑00l͒, indicating purely c-axis oriented YBCO films. The c lattice constant of the YBCO, calculated from the ͑005͒ peak, is 11.676 Å which is close to the bulk value of 11.6805 Å. There are no detectable impurity phases from XRD analysis, indicating the preservation of biaxially aligned TiN after the deposition of LMO and YBCO layers. As shown in Fig. 1 , LMO buffer is ͑00l͒ oriented even though only a very thin IBAD-TiN ͑ϳ10 nm͒ is used. It should be pointed out that there is a weak peak at 2 = 33.64°͑marked with a star in Fig. 1͒ which can be attributed to LMO ͑101͒. By comparing the relative intensities of the Bragg peaks associated with the LMO ͑002͒ and LMO ͑101͒, we estimate that ϳ99% of the LMO is c-axis oriented.
The out-of-plane and in-plane crystallographic alignments of YBCO and LMO layers were investigated by XRD rocking curve and -scan, respectively. Figure 2 illustrates the -scans of ͑103͒ YBCO and ͑101͒ LMO. Four peaks with a separation of 90°in the -scans indicate the epitaxial nature of the films. The epitaxial relationships can be described as ͑001͒ YBCO ʈ ͑001͒ LMO ʈ ͑001͒ TiN and ͓100͔ YBCO ʈ ͓100͔ LMO ʈ ͓100͔ TiN . The out-of-plane mosaic ͑⌬͒ of LMO is 2.6°and the in-plane texture ͑⌬͒ is 6.5°. A significant improvement in the in-plane and out-of-plane textures of the YBCO is observed, with ⌬ = 1.7°and ⌬ = 3.5°. These values are comparable with those of YBCO films on a typical five-layer stack. 8 The mechanism of the in-plane texture improvement of YBCO films on IBAD templates is not fully understood yet. We, however, believe that the small lattice mismatch ͑ϳ1%͒ between the YBCO and the LMO reduces the strain-induced broadening and helps the growth of high quality YBCO films. Furthermore, the heteroepitaxial growth of LMO and YBCO at high temperature on a seed layer, where the seed layer is typically deposited at room temperature and has a much finer grain size, may make the texture evolution easier. The texture improvement can be also attributed to the grain growth competition at high temperature, similar to the commonly observed phenomena in thin film microstructural evolution.
18 Figure 3 shows the bright-field cross-sectional TEM image of the YBCO on LMO/IBAD-TiN on Hastelloy substrate. As illustrated in the image, the IBAD-TiN, LMO, and YBCO layers can be clearly distinguished with very clean interfaces. The good structural integrity of the trilayers, the high superconducting transition temperature of the YBCO film, and the large critical current density of the YBCO ͑to be discussed in the following paragraph͒ suggest minimum interfacial reaction or intermixing across the interfaces. Importantly, these experimental results imply the excellent diffusion barrier properties of 10 nm-thick IBAD-TiN. Furthermore, the total thickness of these two nonsuperconducting layers is only about 120 nm.
The superconducting properties of a 0.63 m thick YBCO film deposited on this two-layer stack were assessed by superconducting transport measurements. Transition temperature ͑T c ͒ and self-field critical current density ͑J c ͒ was 89.5 K and 1.2 MA/ cm 2 ͑at 75.5 K͒, respectively. Figure 4 shows the angular dependence of J c with respect to the applied magnetic field at 1, 3, and 6 T at 75.5 K. A clear peak at H ʈ ab, similar to that of typical YBCO films on a standard five-layer stack, 19 is observed. Furthermore, the anisotropic pinning J c ͑H ʈ ab͒ Ͼ J c ͑H ʈ c͒ is illustrated by the semilog plot of the field dependence of J c normalized by the self-field value ͓J c ͑sf͒ = 1.2 MA/ cm 2 ͔ shown in Fig. 5 . The ␣ value ͑J c ϳ H −␣ ͒ was determined to be 0.33 for H ʈ c as compared to a typical value in the range of 0.5-0.6 for pure pulsed laser deposited YBCO films, 20 indicating strong pinning behaviors similar to those in the typical BaZrO 3 -doped YBCO films grown on a standard IBAD-MgO architecture. 3, 21 Furthermore, the high n-value ͑as in V = I n ͒ of 28 confirmed the good in-plane alignment, the strong pinning, and the absence of weak links of the YBCO films on a polycrystalline metal substrate using such a simple two-layer stack template.
IV. CONCLUSIONS
In conclusion, we have demonstrated a much simplified two-layer LaMnO 3 / IBAD-TiN template for the growth of YBCO films on polycrystalline metal substrates. Welltextured YBCO films have been successfully grown on LMO buffered IBAD-TiN by PLD. The T c and J c ͑at 75.5 K and self-field͒ for a 0.63 m-thick YBCO film are 89.5 K and 1.2 MA/ cm 2 , respectively. The transport properties under an applied magnetic field are similar with those of YBCO on a standard five-layer IBAD-MgO stack template. These results demonstrate the feasibility of using a two-layer IBAD template, and as such a major advance in the field to fabricate CCs with reduced number of processing steps and potentially reduced manufacturing costs. Furthermore, the total nonsuperconducting layer thickness is less than 150 nm, thinner than the comparable five-layer template currently used in the production of long-length conductors. It should be noted that more work is needed to further optimize the process and to yield even higher performance, which we believe should be possible. 
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